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Description 

[0001] The -present jnyehtiQri relates, to: a magnetpre- 
sistive device and to a niethbd of fabricating the same. 
[0002] A conventional magnetic tunnel junction in- 
cludes a pmned ferromagnetic layer, a sense ferromag- 
netic layer and ah insulating tunnel barrier sandwiched 
between the ferromagnetic layers. Relative orientation 
and magnitude of spin, polarization of the ferromagnetic 
layers determine the resistance of the magnetic tunnel 
junction. Generally, the resistance of the magnetic tun- 
nel junction is a first value (R N ) if the magnetization of 
the sense layer points in the same direction as the 
pinned layer magnetization (referred to as a "parallel" 
magnetization orientation). The resistance is increased 
to a second value ( R N +A R N ) if th e mag netizatip n orien- 
tations of the sense and pinned layers. point in opposite 
directions (referred to as .an "anti-parallel" magnetiza- 
tion orientation). The magnetic: tunnel junction has an 
intermediate : resistance . (R N < R < R N +AR N j as the 
sense layer magnetization js rotated from one direction 
to the other. : . .. . 

[0003 j Magnetic tun hei junctions, can.be used as mag- 
. netic sensors in read heads. The magnetic tunnel junc- 
tion of a read head can detect data stored on a magnetic 
storage medium such as a hard disk d rive. 
[0004] Magnetic tunnel junctions can be used as 
memory elements in magnetic random access memory 
(M RAM) devices. The two magnetization orientations,, 
parallel and anti-parallel, represent logic values of "0" 
arid "1 ." A logic value may be written to a magnetic tun- 
nel junction by setting the magnetization orientation to 
either parallel or anti-parallel ;. The ^orifentatlpn-'r^^iy-' be 
changed from parallel to anti-parallel or vice-versa by 
applying the proper magnetic field to the magnetictun- 
nel junction. The logic vajue may be read by sensing the 
resistance of the magnetic tunnel junction. , 
[0005] FM coupling between the pinned and sense 
layers can ca use prob I e ni s with magnetic tunnel ju he? ' 
tions. In. read heads, the FM coupling can cause read- 
back signal distortion. Bias techniques can be used to 
correct the signal distortion. However, the bias tech- 
niques tend to be complex; to implement and costly to 
fabricate. •'-'•■v. 1 '-.. 
[0006] In magnetic memory elements, the FM cou- 
pling can render magnetic tunnel junctions unusable. 
Unusable magnetic tunnel junctions can reduce MR AM 
performance, increase fabrication cost, and increase 
the complexity of read circuits. 

[0007] .According to one aspect of the present inven- 
tion;- a ferromagnetic layer of a magnetoresistive ele- 
ment includes a crystalline ferromagnetic sublayer and 
: an amorphous ferromagnetic sublayer. Other aspects 
and advantages of the present invention will become ap- 
parent from the following detailed description, taken in 
conjunction with the accompanying drawings, illustrat- 
ing by way of example a number of preferred examples 
of the present invention. 



[0008] Figure 1 is an illustration of a magnetoresistive 
element according to a first embodiment of the present 
invention. 

[0009] Figure 2 is an illustration.- of a- peak-to-valiey 
5 height difference on a surface of a pinned layer of the 
magnetoresistive element. 

[0010] Figure 3 is an illustration of a magnetoresistive 
element according to a second embodiment of the 
present invention. 

10 [001.1] Figure 4 is an illustration of a hard disk drive 
including a magneto resistive, re 
embodiment of the present invention. 
[0012] Figure 5 "is an illustration of magnetized re- 
gions on a hard disk of the disk drive. 

15 [0013] Figure 6 is an. illustration of a transfer curve for 
the magnetoresistive read r head. ; .. \ - ' \ =' 
[001 4] F igu re 7 is an illustration of a method o f fa b ri- . 
eating a magnetoresistive read head according t& an 
em b o dim e n it. pf the p res ent inventi oh ;> 

24 [00 1 5] F igu re 8 is an ill u strait id n of a d ata storage d e- 
. vice including magnetoresistive mem 

cording to an embodiment of the present invention. 
[001 6] Figure 9 is an illustration of a method of fabri- 
cating a data storage device. according to an embodi- 

25 meht of the present invention. > 
[0017] ' Figure/10 is an illustration of a response curve 
for the i magneto resistive memory element. 

[0018] ■ Reference is made to Figure 1 / which iilus- 
trates a magnetoresistive element 110 including a -multi- 

30 layer stack pf materials. The stack includes seed layer 
(s) 112, an ahtiferromagnetic (AF) pinning layer 114-i a 
pinned ferromagnetic (FM) layer 1 16, a spacer layer 
118, and a sense FM layer 120. The seed layer(s) 1:1 2 
provides, the correct. crystal orientation for the AF pin- 

35 nihg layer 114; The AF pinning layer 114 provides a large 
exchange field, which holds the magnetization of the 
pinned layer 116 in one direction. Consequently, the 
pinned layer,11 6 has a magnetization that is oriented in 
a plane, but fixed so as not to rotate in the presence of 

40 an applied magnetic field in a range of interest: - 

[0019] the sense layer 120 has a magnetization ori- 
entation tha't is.not pinned; Rather, its magnetization can 
be rotated between either of two directions: the same 
- direction as the pinned layer magnetization, or the 6p- 

45 ; posite direction as the pinned layer magnetization; ■ 
[0020] If the magnetoresistive element 110 is a mag- 
netic tunnel junction (MTj), the spacer layer 1 1 8 is an 
insulating tunnel barrier, which allows quantum me- 
chanical tunneling to occur between the pinned and 

50 sense layers 116 and 120. This tunneling phenomenon 
is electron spin dependent, making the resistance 
across the pinned and sense layers 116 and 120 of the 
MTJ a function of the orientation of the sense layer mag- 
netization. 

55 [0021] If the magnetoresistive element 110 is a giant 
magnetoresistive (GMR) device, the spacer.layer 118 is 
made of a conductive metal such as copper. In-plane 
resistance across the sense layer 120 of a GMR device 
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is a function of the orientations of the sense layer mag- 
netization. 

[0022].- If the. magnetoresistive element is an Aniso- 
tropic magnetoresistive (AMR).device,.the space r : layer-- 
120 js .made pf, : a conductive material, and a soft adja- 
cent layeris used instead- of a pinned: layer. In a dual 
/stripe. AMR device, the spacer layer.is made of ariihsu,-. 
lating material.: . • ; v 

[0023] Facing surfaces of. : the pinned layer. 116 and.\ 
./the spacer layer 118 define an interface .122. This inter- 
= face 122 will be referred to as thb '"spacer interface." 
.During deposition of trie pinned, teyer ;116, the. pinned., 
layer 116 exhibits columnargrowth, which causes the 
grains to bow upward ;at the .interface surface of: the., 
pinned layer 1.16 vyith large, angle slope. This bowing. 
... produces .magnetic poles on -the edges of; grains of the 
pinned layer 116. These poles produce a magnetic field • 
in the sense layer 120. . . 

[0024] Additional reference. is made to,F.igure : 2; which ; 
illustrates the peaMo valley height variations on the in- 
terface surface of the pinned layer 116. To prevent the .. 
bowing from causing ^strong ;FM coupling between the - 
pinned. and sense layers 116 and ; 1.20,. the spacer inter- . 
face 122 is smoothed ..The spacer interface 122 may be 
smoothed. during fabrication by flattening peaks and fill-* . 
v ing- valleys on. the, exposed surface of the. pinned layer 
116, Flattening the peaks an d ■■filling the valleys reduces 
the pea k-to-y alley, height variations. The pinned layer, 
surface after, smoothing. is= indicated in solid lines/and 
referenced by humeral 352, -and the pinned layer sur- 
, face p.rior ; to smoothing is indicated 1 in .dashed lines and 
referenced, by riurherah 354. The height .variation be- 
tween a flaUene^^ is,referenced by the 
yletter X. Figure 2 is intended, merely to. illustrate, the : 
peak-tq-valley height. :differehce. before and after, the, 
pinned layer surface has been smoothed; it is not in- 
tended to provide ah accurate depiction of the surfaces 
352 or 354 v of the pinned layer 116. 
[0025] Smoothing the surface 352 to a critical flatness 
has been found to siignificantly reduce or eliminate. FM 
coupling It has. been found that a critical flatness is 
-achieved when:the.peak-tp-valley height difference X is 
"■rib more than about one nanometer. 1 .. 
[0026] ) The smoothing decreases edge grain angles 
on the surface of the pinned layer 116- Shallower angles 
of the grains are believed to produce-fewer magnetic 
poles at the edges;. Ideally/ the angie.9 from the top of 
a grain to the intersection with an adjacent grain , is; be- 
tween about three.and.six degrees. 
[0027] Instead of eliminating the FM . coupling; the lev- 
el of FM coupling may be tuned to reduce or cancel AF 
coupling. As the magnetoresistive element 110 gets 
smaller, the AF coupling increases/Once the pinned lay- 
er 1.16 has been patterned,, demagnetization fields em- 
anate from its edges. Since this magnetic field tries to 
complete a circuit, it terminates on the sense layer 120 
and thereby produces a field in the opposite direction of 
the pinned layer magnetization. This induced field, 
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which is largest at the edges of the sense layer 120, 
* causes the AF. coupling. Tuning the FM coupling be- 
comes especially, valuable as.the magnetoresistive ele- 
ment becomes, smaller and the. AF coupling becomes. 
. 5 . more prominent,. 

. [0028] Smoothing the spacer interface 122 is not lim : ; 
- ited.to smoothing the surface of the, : pinned layer 116.. 
The magnetoresistive. element. 110 .mayihclude an. FM 
interfacial layer between the pinned layer 116 and.the ... 
to*, spacer layer -118..The i.nterfaciai layer would be. part of . 
, the spacer interface 122. Smoothing may be performed , 

on the interfacial layer surface facing; the spacer layer 
.. : 118. Such smoothing of theispacer interface .122 may 
- ,:;be performed in addition to, or instead of, the smoothing 
15 of the pinned layer surface 352. Smoothing the- pinned 
layer 116. can result in a smoother interfacial. layer, as 
... "well lias a;smoother spacer., layer 118.:; . 

[0029] The spacer .interface 122 may also include . 
sublayers of the spacer'layer 118. If the spacerjayer 11.8 . 
20 can be formed in. sublayers (e.g.,. an :insujating tunnel, 
barrier that is formed over multiple deposition steps); at 
least .one of the sublayers, can. be smoothed. Such 1 
*, smoothing of the spacer interface. 122 may be per- 
formed in addition to, ■or instead of, the. smoothing of the 
?5 .pinned layer surface 352.- Smoothing; the underlying 
sublayers can result in a smoother spacer layer 118.. 
[0030] The spacer interface 122 may be smoothed by 
using an ion etching process or other process that does, 
not destroy the properties of the magnetoresistive. ele- 
30. ment. The FM coupling can be reduced v m6notonically 
. with ion etch time within certain ranges.(the ranges de- 
pend upon the FM material). A typicai ion etch rate is on 
the order of 1 nm/mih. The ion etch time can be calibrat- 
: ed to allow the FM coupling to exactly compensate for 
35 the AF coupling, no matter what device size is used at 
. the design center of the application. ^ 
[0031] The spacer interface : 122 can be further 
smoothed by adding a layer of amorphous FM material 
to the magn.etoresistiveelement. A magnetoresistive. el- 
40 ement having/an amorphous. FM layer.is illustrated in 
Figure 3. . 

[0032] Referring now to Figure 3, .the.magnetoresisr 
tive element 310 includes seed layers 312, an AF pin- 
ning layer 31 4, a pinned layer 31 6, a spacer layer 31 8, 

45 and a sense layer 320. The.element 31,0 further includes 

' • . . first and second interfacial FM. layers 324a and 324b on 
opposite sides of the spacer.layer 31 8. The pinned layer 
316 includes. a sublayer 316a of amorphous ferromag- 
netic material between sublayers 31 6b and 31.6c of crys-. 

50.. talline ferromagnetic material (the. interfacial layer 324a. 
and the sublayer 316b may be formed as a single iayer 
instead of separate layers). For the purpose of this ap- 
plication, crystalline FM material refers to both monoc- 
rystalline and polycrystalline FM material. The amor-.. 

.55 phou's sublayer31 6a may be an FM material (e.g., NiFe, 
NiFeCo alloys, CoFe) to which an amprphizing agent (e. 
g., B, Nb, Hfj Zr) is added. The crystalline sublayers 
316b and 31 6c may be made of a material such as NiFe. 
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Final thickness of these sublayers 316a, 316b and 316c 
may be between one and three nm. v 
[0033] The amorphous sublayer 316a can break the 
grain boundary structure at the AF pinning layer 316. 
This deliberate interruption of the grain structure re due-.' ': 
es the severity of the peaks and y al leys fo rm ed at the 

■: spacer Interface 1 22v If the AF pinning layer includes a ?: 
mate ri a] (eg :.; m an g a h es e) t h at ca ri d iff us e into cry sta I- 
line ferromagnetic material; the arnbrphous sublayer 
316a provides the additional advantage of blocking the 
diffusion-; ■•^ J : - : - - > " ; ., '- V 

;[0034] . The crystalline sublayers 31 6b and 31 6c of the 3 

• pinned layer preferably have a high rnbmehUpolariza- : 
tion> Increasing the rriorhentfpplarization of these crys- - 
tallirre sublayers 31 6b and 316c can increase the TMR 
of the magnetoresistive element 31 0. 
[0035] The pinned layer 316 may instead include only 
a single layer 31 6a of amorphous ferromagnetic mate- 
rial, or an amorphous sublayer 316c and a single crys- 
tal! ine sub layer 3 1 6b. However, eli min at i n g one or both 
of the crystal line sublayers 316b, 316 c would weaken " 
the pin n irig fie I d ( re d ucing the crystallinity wo u I d reclu ce 
the pinning field) in addition to reducing the TMR of the : 
.magnetoresistive element 31 0. :;>■■ v 
[0036] ' the upper surface of the amorphous sublayer 
316a and the. lower surface of the insulating tunnel bar- 
rier 31 8 define a spacer interface 322. The interface may 

.be smoothed by smoothing the upper surfaces of at 
least p ne of the fo 1 1 owing lay ers : th e amorphou s ; s.ub lay- 
er 31 6a, the crystalline sublayer 316b, and the interfa- • 
cial layer 324a. The spacer layer interface 322 may also 
be . smoothed by smoothing the lower surface of the in- \ 
s u I ati ng tun n e I ;3 1 8 . Vv-v. •■ 

[0037] As an alternative, none of these surfaces are 
smoothed. However; smoothing the surface of the amor- 
phous sublayer 316a improves the gain structure of the : 
overlaying cry sta 1 1 i n e sublayer 31 6 b . Moreover, 
smoothing any of th ese su rfaces furthbr red uces F M 
-coupling or allows the FM coupling to be tuned. 
[0038] The magnetoresistive elements just described 
are not limited to any particular application. Two exem- 
plary applications will now be described: a hard disk 
drive, and an MRAM device. 

[0039] Reference is now made to Figure 4, which 
shows a hard disk drive 410 including magnetic media 
d isks 412 . Use r da ta is sto red i n con centric c ircu I a r 
tracks on the surface of each disk 412. The disk drive 
410 also includes transducers 41 4 for performing read 
•and write operations on the disks 412. Each transducer 
414 includes a magnetoresistive read head for the read 
operations (each transducer 414 may also include a thin 
film inductive head for the write operations). 
[0040]. Additional reference is made to Figure 5. Dur- 
ing read operations, mag netized regions 510 of the disk 
are passed under the read head of the transducer 414." 
The read head detects transitions in the magnetized re- 
gions 510. Fringe fields 512 emanate from the grains at 
the grain boundaries: Three net magnetization states 



occur: where the fringe fields add but of the plane of the 
disk 412 (the net field is indicated by arrow;51 4);;where 
the fringe fields add into the- plahe lbf the disk 412 (the 
net field is indicated" by an arrow 516); and where the 

5 fringe fields ca ri c e I •< out ( n o ri et f i e Id a n d , th eref ore i i* no 
'\ . arrow). The net fields 514 adding- out; of the disk 412 
cause the sense layer magrietizatjbn to rotate toward 
one direction, and the net fie Id^Sl 6. adding into the disk 
; 412 cause the sense layer; mag netizatipn to rotate to- 

10 ward the other direction ; \ : < % • •• ; 1 , . : * 

[0041] The read head generates a readback signal 
during detection of the net fields. Amp the read- 

back signal depends upon the maghetb resistance of the 
read head: The smoothing can be dbntrolled to adjust 

■is the position of the i transfer curve -so that the amplitude 
is linearly related to the read head resistance. This, in 
; turn, reduces- readback sigriahdistbrtiori during read 'Op- 
erations. •• 1 ••• v ' v - : "' 

• [0042] Ad d i t i o ri a l r ef e r e ri c e i s ma d e t o F i g u re 6, which 
20 ' illustrates a transfer curve 61 0 for the read head. The 

... transfer curve 61 0 has a region that is roughly linear be- 

• tween points A arid B. -It may be desirable to center this 
linear region about a zero magnetic field (H=0). The 

.-, magnetic tunnel junction has. a nominal resistance 
25 ^ (R1=R^) when the magnetization of the pinned and . 
sense layers 116 and 120 are In the same direction. The 
.magnetic tunnel junction, has a higher resistance 
(R2=R n +ARn) when the magnetization of the pinned 
and sense layers 116 and 120 are in opposite directions. 
30 - The magnetic tu nnel junction has an intermediate resist- 
ance (R1 < R < R2) as the sense layer magnetization is 
; : rotated from one direction to the other. > 

[0043] The FM coupling can be tuned to improve the 
.centering of the transfer curye 61 0 about th e zero mag- 
35 rietjc field. The AF coupling tends to move the transfer 
. .. • curve 610 toward the left in Figure 6, such that the re- 
: sistance of the magnetoresistive element 110 at zero 
field is a high resistahce;state. > 

[0044] Smoothing can provide advantages other than 

40 adjusting magnetic coupling. In the case of a magnetic 
tunnel junction, : the insulating j tunnel ^barrier is distribut- 
ed more evenly over the pinned layer. Distributing the 
barrier material more evenly allows the thickness of the 
insulating tunnel barrier to be reduced without creating 

45 pinholes (the pinholes greatly increase magnetic cou- 
pling and short the junctions). Reducing the barrier 
thickness, iri turn, reduces the resistance of the read 
head, which reduces the RC constant of the read head. 
Consequently, response time of the read head is faster. 

so Reducing the resistance of the read head can also re- 
^ duce power consumption. 

[0045] Smoothing the spacer interface can also im- 
prove the uniformity of read head resistance. Read head 
uniformity simplifies read head design, and reduces the 

55 need to tune the disk drive's for read head properties. 
: . • Smoothing the interface can also reduce the number of 
shorted read heads and thereby improve manufacturing 
yield. 
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[0046] Amorphous FM materialonly may be used in [0053] Reference is now made . to Figure 8, which 

the pinned layer. However, adding the crystalline FM shows an exemplary MRAM device 8.10 including an ar- 

material to the pinned layer will.increase signal strength! ray.812 of memory cells 814. Each memory cell 814 may 

[0047] The magnetoresistive elements are not limited include one or more.magrietoresistive. elements. Only a 

to longitudinal recording, as- illustrated in Figure 5. The 5 relatively small number of. magnetoresistive elements 

magnetoresistive elements may be used for perpendic- 814 are shown to simplify the description of the MRAM 

..ular recording, in which magnetic fields from grains are . deyice 810. In practice, arrays 812 of any size may be 

measured.. . : . used. • 

[0048] ..Reference is now made to Figure 7, which ik : [0.054], Word lines 816 extend along rows of the mem- 

, iustrates an exemplary methogSof fabricating a plurality- io pry cells 814, and. bit lines 818 extend along columns of 

of read -heads. A stack of the following materials is de- ; the memory, cells. 81 4: There may be one word line 816 
.posited on a wafer: shield; material, seed layer material,., ..for each row of the array 812 and one. bit line 818 for 

AF pinning layer material, and pinned FM layer material . each column of the. array 812. Each memory cell 814 is 

(710). The thickness of .the. deposited pinned layer ma- \ located at a cross point. of a word, line 816 and bit line 

terial is increased to compensate for the ion etching that . .75 SAB. 

follows. ; [0055] The MRAM device 810 also includes a read/ 
[0049] . The upper,, exposed surface of the pinned layer write circuit .8 20 for performing read and write operations 
is ion etched, to a critical flatness (block. 71 2). The ion . . pn selected memory cells 81.4, The read/write circuit 820 
etching may be performed by bombarding the pinned , senses resistance of selected- memory cells 814 during 
•layer with argon ions orany.other non-reactive ions. The 20 read operations, and it orients the magnetization of the 
ibn etch may. be performed in-situ in a deposition chan> . selected memory cells 814 during write operations, 
ber. TheFM coupling can be reduced monotohically with [0056] Figure 9 shows a method of manufacturing the 
ion etch time within a particular range (the rahge de-. MRAM device. The read/write, circuit and other circuits, 
pends upon the.material). This permits adjustment of the '." are fabricated on a substrate (block .9.1 0). Conductor 
magnetic interactions such that the read head operates ?5, material is. then deposited onto the substrate and pat- 
\linearly. -terned into bit lines (block 912):. A dielectric may then 
[0050] Interfacial. layer material is .then deposited on ... be deposited between the bit lines. Materials for the 
the.. etched surface, and an upper surface of the interfa- 1 seed layer(s),. and the AF pinning layer, are deposited - 
• rial layer material is ion etched (71 4). Insulating tunriei • (block 914): - i 
barrier material is then deposited (716). A barrier, mate- 30 [0057]. . pinned layer material is then deposited. Mate- 
rial .such as. Al 2 0 3 , for example, may be formed by r=f rial for an amorphous FM sublayer is deposited, and an 
sputtering, or by depositing aluminum and then ox id iz- upper, exposed surface is ion etched to a critical flatness 
ing .the aluminum by a process such as plasma oxida- (block 916). Material for a crystalline FM sublayer is de- 
tion.- posited, and an upper, exposed surface is ibn etched to 
[0051] Interfacial layer material, sense layer material, 35. a critical flatness (block 918)..lon etching'the upper sur- 
and shield material are th en deposited (71 8) . An isola- ' face of the amorphous layer can improve grain structure 
tion dielectric layer is formed between the sense layer . : of the crystalline sublayer. The thickness of the depos- 
material and the shield for GMR and AMR devices. The ■ : ited material is increased to compensate for the ion etch- 
resulting stack is. then. patterned into a. plurality of read ing. . ..^ 

heads (block 720). . v .- : .40 [0058] Insulating tunnel barrier material is formed on 

[0052] The shield material may be:an electrically con-. the etched material (block 920), A barrier material such 

ductive and magnetically permeable material such as as Al 2 0 3 , for example, may be deposited by r-f sputter- 

NiFe. The seed layer material may be any;material that ing, or by depositing aluminum and then oxidizing the 

establishes the desired.grain orientation of the AF pin- aluminum by a process such as plasma oxidation. If the 

ning layer. Candidate materials for the seed layer(s) in-. 45 insulating tunnel barrier material is formed in multiple 

elude, titanium (Ti), tantalum (Ta), and platinum (Pt). stages, at ieast one stage may be ion etched. 

Candidate materials for.the AF pinning layer 36 include [0059] Material for the sense FM layer is then depos- 

platinunh-manganese (PtMn), manganese-iron. (MnFe), . ited (block. 922). The resulting stack is then patterned 

nickel manganese (NiMn), arid iridium-mangahese into. bits, ^ and spaces between ^ the bits are filled with di- - 
(IrMn). Candidate materials for.the insulating tunnel bar- . 50 electric (block 924). Conductor material is. then depos- 

rier include aluminum oxide (Al 2 p 3 ), silicon dioxide ited on the dielectric and patterned into word lines (block 

(Si0 2 ), tantalum oxide (Ta 2 0 5 ) ( . silicon nitride (SiN 4 ), .924). 

other dielectrics, and certain semiconducting materials. - . [0060] The resulting array may then be jplanarized. A 

Candidate materials for. the pinned and sense layers ; new array may be formed atop the planarized array, 

and include NiFe, iron oxide (Fe 3 0 4 ), chromium oxide 55 [0061] Figure 9 describes the manufacture of a single 

(CrQ 2 ) t alloys of any of Ni, Fe and Co (e.g., CoFe, MRAM device. In. practice, however, many MRAM de- . 

NiCoFe), and other ferromagnetic and ferrimagnetic vices will be fabricated simultaneously on a single wafer, 

materials., [0062] Reference is made to Figure 10,which illus- 
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trates a response curve 1010 for a magneto resistive el- 
ement of the MRAM device. The smoothing can be per- 
formed to adjust the position of the response curve and 
improve the uniformity of switching across the array/ t he 
switching points A and B may be centered about a zero 
. magnetic field. Improving the switching uniformity can 
reduce the number of magnetic tunnel junctions thai.are 
not switched jn the presence of a sufficient magnetic 
..field, and that are, inadvertently switched even though 
the magnetic field is not sufficient, thus, the smoothing 
reduces. the number of unusable magnetic, tunnel junc- 
tions. -. \- : , ' . ' •■ 
[0063] The smoothing further reduces the number of 

. unusable tunnel junctions by reducing the number of 
magnetic tunnel junctions that are shorted due to pin- 

■ • holes. . "' \r. ' 

[0064] Reducing the number of unusable magnetic 
tunnel junctions can increase the storage capacity of the 
MRAM device: It can also reduce the burden on error 
correction. Consequently, reducing the number of unus- 
able magnetic tunnel junctions can improve MRAM per- 
formance and reduce fabrication cost; . ' 
[0065] The smoothing can increase uniformity of the 
tunnel junction resistance across the array. Increasing 
the uniformity can reduce the complexity of reading se- 
lected memory cells among multiple columns of memory 

• cells. 

[0066] The amorphous ferromagnetic sublayer can 
further reduce interface roughness. If the antiferrpmag- 
netic pinning layer includes manganese, the amorphous 
sublayer can also block diffusion of the manganese into 
the crystalline ferromagnetic layer 
[0067] Although the memory cells were described as 
each having only a single magnetoresistive device, the 
MRAM device is not so limited. Each memory cell may 
include more than one magnetoresistive device. 
[0068] : The memory cells are not limited to magne- 
toresistive devices such as magnetic tunnel junctions. 
Other magnetoresistive devices may be used. 
[0069] The present invention is nptilmited to the mag- 
netoresistive elements described above. Any ferromag- 
netic layer (pinned or unpinned, crystalline or amor- 
phous) of a magnetoresistive element may be replaced 
with the combination of crystalline and amorphous fer- 
romagnetic sublayers. 

[0070] The AF pinning layer may be placed near the 
top of the stack instead of the bottom of the stack, 
whereby the pinned layer is deposited after the sense 
layer. If the sense layer material is deposited before the / 
pinned layer material, the sense layer would have an 
interface surface having peaks and valleys; Thus the in- 
terface surface of the sense layer would be smoothed. 
[0071] The presentlnvention is not limited to the spe- 
cific embodiments described and illustrated above. In- 
stead, the present invention is construed according to 
the claims that follow. 
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'Claims. ' 

1. A magnetoresistive device (310) comprising: '.' 

" a pinned ferromagnetic layer (31 6); 
a sense ferromagnetic layer (320); and 
a spacer layer (31 8) between the ferromagnetic 
layers (316 and 320); ;\ v • 

the pinned layer (31 6) including an amorphous 
sublayer (316a) and a crystalline sublayer 
(3i;6b), the crystalline sublayer (31 6 b) between 
the amorphous sublayer (316a) and the spacer 
layer (318). : :"{ : 

2. A device as claimed in claim 1 , wherein at least one 
of the amorphous and crystalline layers (31 6a and 
316b) is smoothed. . 

3. A device as claimed in claim 2, wherein a surface 
of the smoothed sublayer js smoothed to a valley- 

> tprpeak height difference of no more than about one 
nanometer. : 

4. A device as claimed in claim 3, wherein the angle 
from the top of a grain to an intersection with an ad- 

. jacent grain js from about three to about six de- 
: - .grees.: ■ 
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A device as claimed in any preceding claim, where- 
in the pinned layer (316) further includes a second 
crystalline ferromagnetic: layer (316c),. the amor- 
phous ferromagnetic layer (316a) sandwiched be- 
tween the two crystalline ferromagnetic layers 
(316b and 316c); ^. \ 

A device as claimed in any preceding claim, further 
comprising an antiferromagnetic pinning layer (314) 
including manganese; wherein the pinned layer 
(316) is oh the antiferromagnetic layer; and wherein 
the pinned layer surface is smoothed to adjust an- 
tiferromagnetic coupling between the antiferromag- 
netic and pinned layers. 

A read head (414) for a data storage device (410), 
the read head (414) comprising a device (310) as 
claimed in any preceding claim. 
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8. A data storage device (810) comprising an array 
(812) of memory cells (814), each memory cell 
(814) including at least one device (310) as claimed 
_ in any preceding claim 1 to 6. 

9. A method of fabricating a device (310) as claimed 
jn claim 1, the method comprising: 

: depositing the amorphous ferromagnetic layer 
(916); 

ion etching an exposed surface of the amor- 
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phous ferromagnetic layer to a critical flatness 
(916); and * 
depositing the crystalline ferromagnetic layer 
bri the ion.etched surface of the amorphbusfer- 
romagnetic layer (§18). : : 
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DEPOSIT MATERIALS FOR SHIELD. SEED 
LAYER(S), AF PINNING LAYER, AND PINNED 
FM LAYER 



SMOOTH UPPER SURFACE OF PINNED FM 
: LAYER 



FORM INTERFACIAL LAYER AND SMOOTH 



DEPOSIT MATERIALS FOR INTERFACIAL 
LAYER, SENSE FM LAYER AND SHIELD 
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PATTERN STACK INTO READ HEADS 
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FIG. 8 
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FIG. 9 



FABRICATE. CIRCUITS ON SUBSTRATE 
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FORM BIT LINES 
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DEPOSIT MATERIALS FOR SEED LAYER(S) J~ 9 14 
AND AF PINNING LAYER 



DEPOSIT MATERIAL FOR AMORPHOUS 
PINNING SUBLAYER AND SMOOTH UPPER 
V: 1 '. SURFACE 
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DEPOSIT MATERIAL FOR CRYSTALLINE 
PINNING SUBLAYER AND SMOOTH UPPER 
SURFACE 
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FORM INSULATING TUNNEL BARRIER IN 
STAGES AND SMOOTH AFTER INITIAL 
STAGE 
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PATTERN STACK INTO BITS, FILL WITH 
DIELECTRIC, AND FORM WORD LINES 
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